The interaction of xenon with containment barriers can play a crucial role in the detection of underground nuclear explosions. Independent field experiments and laboratory-derived models have observed depressed surface level xenon concentrations and subsequently predicted geological capture rates. This work sought to experimentally verify those predictions by analyzing xenon transport though a two-bulb diffusion apparatus adapted for the study of geologic media. Novel to this work is the timescale over which these experiments were carried out, allowing the system to reach equilibrium, rather than relying on numerical models to treat the equilibrium concentration of each gas as a fit coefficient.
Introduction
Detection of underground nuclear explosions utilizes a combination of monitoring techniques including seismic, hydroacoustic, infrasonic, and radionuclide indicators. Radionuclide signatures are unique in their ability to confirm that a suspected event was in fact nuclear in nature. While there are many radioactive fission products whose existence indicate a nuclear event, the ability to detect those species far from the detonation site poses challenges. Noble gases, however, with their high mobility and low reactivity, have an increased likelihood of traveling from a subsurface cavity to an air sampling station. Xenon is particularly important in nuclear explosion monitoring because measurement of isotopic ratios provides a means of distinguishing weapons from peaceful anthropogenic sources of radioxenon [1] [2] [3] [4] [5] [6] [7] .
As such, radioxenon behavior has been the study of numerous transport models and lab scale experiments to better characterize its transport through and interactions with geological barriers. Noteworthy large scale field experiments have attempted to replicate radio-noble gas transport following a nuclear event by injecting radioxenon in a subsurface explosive cavity and analyzing gas samples either in the atmosphere [8, 9] or withdrawn from the shallow subsurface [10] . In some of these experiments [8, 10] , the amount of gaseous xenon detected at the surface fell short of expectations, indicating an unexpected loss mechanism exists. Furthermore, in situ xenon measurements collected in one experiment [10] by placing Geiger Meuller tubes directly into a soil well observed concentrations an order of magnitude higher than that of the corresponding gas samples analyzed after withdrawal from the subsurface cavity. While this was assumed to be a result of systematic instrumental error, later independent analyses characterizing xenon adsorption on geological media [11] suggest the observed discrepancy could be a result of xenon being retained underground in the adsorbed phase.
Previous lab scale transport experiments and ancillary models predicted adsorption of xenon onto geological media, thus providing plausible explanation for decreased xenon concentration at equilibrium [11, 12] . Therefore this work sought to experimentally verify those predictions by analyzing the transport of xenon, and relevant chemical tracers, though a two-bulb diffusion apparatus adapted for the study of geologic media. Novel to the work presented in this paper is the timescale over which these experiments were carried out, allowing the system to reach equilibrium rather than relying on numerical models to treat the equilibrium concentration of each gas as a fit coefficient.
Methods
The transport of the gases of interest was observed in the porous media packed two-bulb diffusion apparatus described and used in previous publications [12] [13] [14] and displayed in Fig. 1 . Xenon, sulfur hexafluoride (SF 6 ) and carbon tetrafluoride (CF 4 ) were allowed to diffuse up through the restrictive bridge, packed with 10-30 Ottawa sand, connecting two volumes of nitrogen. These three gases were chosen to mirror those commonly used in field experiments [8] [9] [10] as well as to provide comparison to previous data sets collected using this same laboratory setup [12, 14, 15] .
The top bulb, which was initially void of the tracers, was sampled every 20 min to determine the concentration of each gas species. This time series data set was collected by analyzing 50 μL aliquots of gas using a Shimadzu QP2010 SE gas chromatograph-mass spectrometer (GCMS). To reduce uncertainty derived from variation in sample size, krypton was utilized as an internal standard. Injections of krypton into the column were performed approximately 2 days before the initiation of each trial, allowing the krypton concentration to reach uniformity across the entire apparatus, and thus providing a means to volume correct samples by normalizing ion counts for each gas against krypton ion counts.
Initially, experiments were conducted by manually retrieving samples over the course of the entire trial, approximately 40 h, in order to determine the time required to reach equilibrium. This process was later automated, allowing a greater number of trials to be conducted and providing greater consistency across sample volumes; additional information regarding this automation process can be found in "Appendix". In both cases, 50 μL aliquots were removed from the diffusion apparatus and analyzed by the GCMS to provide time series concentration data. The use of a programmable gas sampling valve with a fixed volume sample loop offers decreased variation across individual samples. The use of krypton as an internal standard was maintained for the sake of consistency, as well as to accurately normalize the measured top bulb concentration to the total tracer concentration in the system. The total quantity of each tracer gas introduced to the systems was determined prior to the initiation of the experiment. An aliquot of 2.5 mL of each gas at one atm was injected into the bottom bulb of the diffusive apparatus. After an equilibration period on the order of 1 h, gas samples from the bottom bulb were manually retrieved and analyzed by GCMS. The bottom bulb was assumed to have achieved homogeneity once the standard deviation of measured concentration of all tracer gases fell below 2% across samples. The valve isolating the bottom bulb from the porous media bridge and top bulb was then opened, allowing diffusive transport, and the collection of time series samples, to begin.
The equilibrium concentrations in the top bulb were determined by detecting the time at which the concentration of each species appeared to no longer increase. This was implemented by regressing the species concentration of the nine most recent data points over time. The p value of the correlation coefficient was examined; when this falls below 0.05, statistical theory suggests that time clearly continues to influence sample concentration and thus, additional samples should be retrieved. Once nine consecutive points (3 h of sample data) resulted in a slope coefficient having a p value greater than 0.5 the experiment was concluded. In some cases, time constraints resulted in conclusion of the experiment when two of the three gases reached equilibrium. The mean value of those nine stable concentration values was then recorded as the equilibrium concentration.
Results and discussion
Aside from the negligible sample aliquots removed for analysis over the course of the experiment, the geological column is a closed system. Even if the 50 µL sampled aliquots Fig. 1 Time-lapsed schematic of the two-bulb apparatus used in this and previous studies, taken from [14] are to be considered non-negligible, the removal of those small gas volumes can be considered a loss mechanism that is constant across all gas species. Therefore, a purely diffusive transport model would suggest that all gases would reach the same equilibrium concentration, simply at different speeds as dictated by their characteristic diffusivity and concentration gradient. Previous observations and ancillary numerical methods [12, 14] however have predicted that this is not the case for the gases considered here. This novel analysis has experimentally verified those predictions, indicating that an additional loss term exists.
Previous publications carried out experimentation mechanically similar to what is described in the methodology used here, but concluded trials before the system reached equilibrium [12, 14, 15] . It should also be noted that not all of those previous data sets analyzed CF 4 . Numerical methods were then used to predict equilibrium concentration of each tracer gas in the top bulb relative to the total system concentration. The predicted equilibrium concentrations reported or derived from the data collected in those previous publications can be seen in the first three columns of Fig. 2 . The right-most columns in Fig. 2 show the equilibrium concentrations as measured by the methodology described here.
In some cases (experiments described in [12, 15] ) the numerical model was able to accurately predict which gas would have the lowest equilibrium concentration, an important indication of adsorptive behavior. This led to the previous conclusions, which are experimentally supported here, that xenon converges to a lower equilibrium concentration than SF 6 , meaning it is interacting with the geological media at a greater rate than the other gases.
Later experimental trials, which were likewise not carried out to equilibrium, resulted in similar diffusive transport with regards to system relaxation times and relative species velocity [14] . However, both numerical methods utilized in the cited methodology predicted relative equilibrium concentrations that contradicted previous experiments, with xenon converging to marginally higher equilibrium concentrations than SF 6 , as can be seen in the set of columns of Fig. 2 corresponding to trial 3. The longterm experimental trials conducted for this work, shown in the last columns of Fig. 2 , were able to clear up this discrepancy across predictions.
A depiction of a representative time series data set the showing the approach to equilibrium concentration is pictured in Fig. 3 . A zoomed-in view of the tailing measurements more clearly depicts the equilibrium concentration of each species in Fig. 4 . The validation of those results is important in not only supporting the conclusions regarding the adsorptive tendency of xenon, but also in providing insight for model development and future experimental design. Fig. 2 Equilibration concentration, relative to total system concentration, for both predicted concentrations from [12, 14, 15] (left) and experimental concentrations (right). In trial 5 the test was concluded before SF 6 concentration met the convergence criteria Fig. 3 The time series concertation, relative to the total system concentration, of each species is plotted for the entire trial
Conclusions
The work presented here supports the growing body of work detailing the transport of tracer gases through geological media. These experimental results provide a means of benchmarking previously used numerical models for predicting the steady state behavior of noble gases and commonly used stable tracer gases. This is particularly important in the case of xenon gas, which has been predicted to equilibrate at concentrations lower than would be expected by diffusive properties alone, thus indicating additional factors, such as adsorption, are at play.
Experimental validation is an important element in benchmarking previous numerical results as well as guiding future work. The disparity seen in the equilibrium concentration achieved should be explored in future experiments. Analysis of different media types, as well as media with varying degrees of saturation may provide insight as to what causes these differences. Additionally, the presence of the stable tracers and/or absence of other noble gases that would exist following a subsurface detonation may affect the availability of adsorptive sites. Future work should thus explore the influence of these factors on xenon adsorptive and diffusive behavior. External factors such as temperature and pressure may likewise influence the concentration of tracers in the sorbed versus mobile state. Additional experiments of the type conducted here as well as direct analysis of the consolidated media for sorbed fraction, utilizing techniques such as neutron activation analysis, would further support this field.
The sample retrieval process was automated by coupling the 2-bulb diffusion apparatus to the GCMS via a programmable gas sampling valve purchased from Shimadzu. Stainless steel transfer tubing, with segments measuring 1/16″ in diameter and 64.75″ in total length and 11″ of tubing measuring 1/8″ in diameter, with an inert coating was used to plumb the top bulb of the transport column to the valve. During normal operation the valve utilizes a flow-through sampling chamber, sized to be approximately 50 µL, to create a closed loop connecting the outlet tubing from the top bulb back to its inlet. When a sample is desired the valve turns, isolating the gases contained in the sampling chamber and directly connecting the two sections of tubing coming into and out of the top bulb of the transport column. Helium carrier gas is then used to push the contents of the sampling chamber to the GCMS for analysis.
Initial characterization experiments proved however that additional modifications would be necessary to get the physics of the newly automated system to match those of the previous manual trials, characterized by the representative data set shown in Fig. 5 . A series of experiments were conducted in order to ultimately achieve an analogous automated system by comparing the diffusive behavior of xenon, carbon tetrafluoride, and sulfur hexafluoride in comparison to the manual system.
The first trial successfully utilizing the automated sample retrieval system resulted in the gas species showing transport Fig. 4 The equilibrium concentration for each species is determined by selecting the average of the first nine points where the null hypothesis is not rejected It was hypothesized that due to a lack of flow throughout the transport column and loop connecting it to the sampling valve, the volumes of gas contained in the sample chamber were not directly reflective of the time dependent behavior in the top bulb. Therefore, two different inline gas pumps (manufactured by TCS and Parker) were iteratively added to introduce circulation to the system. The induced flow rate was varied, via the input voltage to the pump, but this also appeared to be perturbing the system, as can be seen in the Fig. 6 where it appears that excessive flow in the top bulb drives gas species to higher equilibrium concentrations.
Instead of continuous circulation it was determined that the pumping time should be limited to short intervals directly proceeding sample collection. The duration of pumping was iteratively decreased, as can be seen in the two bottom rows of data in Fig. 7 . This intermittent pumping regime however observed transient abnormalities in the time series concentrations across all gas species. This was hypothesized to be a result of inconsistency amongst the short reset time required by the GCMS between sample analysis. Under previous conditions, both manual and automated with continuous pumping, this short time window, on the order of tens of seconds, did not prove troublesome as the data analysis code harvests the time stamp from the GCMS datafile directly, providing an accurate time series. In the case of an externally controlled circulation pump however, the inconsistent reset time resulted in inconsistent time windows between circulation and sampling, in some cases perturbing the sample analysis. This issue was circumvented by utilizing a LabView code capable of controlling the circulatory pump based off a trigger initiated by the GCMS. With this new control system in place the voltage supplied to the pump, an easily manipulatable surrogate for flow rate, and time of pumping were tuned until the diffusive behavior of the three gases of interest replicated what was observed in the manual trials, as seen in the plot in the bottom right corner of Fig. 7 .
